Stochastic approach to assess a nitrate process-factor in soil water  by El-Sadek, Alaa
Ain Shams Engineering Journal (2014) 5, 315–320Ain Shams University
Ain Shams Engineering Journal
www.elsevier.com/locate/asej
www.sciencedirect.comCIVIL ENGINEERINGStochastic approach to assess a nitrate
process-factor in soil waterAbbreviations: Cg, average simulated NO

3 -N-concentrations of the
drain water, Cs, average measured NO

3 -N-concentrations of the
surface water, GIS, Geographic Information Systems, I, number of
Monte Carlo iteration, J, number of days, K, number of ﬁelds, N,
nitrogen, Ncatch, nitrate nitrogen losses, NO3, nitrate, NO

3 -N, nitrate-
nitrogen, Vcatch, area-weighed daily water, W, process-(weighing)
factor
* Tel.: +973 36686906.
E-mail address: alaasa@agu.edu.bh.
Peer review under responsibility of Ain Shams University.
Production and hosting by Elsevier
2090-4479  2013 Production and hosting by Elsevier B.V. on behalf of Ain Shams University.
http://dx.doi.org/10.1016/j.asej.2013.10.006Alaa El-Sadek *Water Resources Management Program, College of Graduate Studies, Arabian Gulf University, P.O. Box 26671, Manama, BahrainReceived 8 June 2013; revised 16 October 2013; accepted 20 October 2013
Available online 16 November 2013KEYWORDS
Stochastic approach;
Nitrate-nitrogen;
Burns model;
Process-factorAbstract A process-factor was driven for the NO3 -N concentration in the soil water. The process-
factor was calculated to a catchment in Belgium. The NO3 -N concentration in the surface water at
the outlet of the catchment was used as Cs. The model was run on each individual ﬁeld within the
catchment for four consecutive winter periods. A Monte Carlo approach was used (i.e. the simula-
tion was repeated 1500 times with new picks from the NO3 -N distribution functions on October 1st
considering the crop rotation. The results indicated that, the process-factor, calculated as the ratio
of the simulated NO3 -N concentration in the soil water at 90 cm and the measured NO

3 -N concen-
tration in the surface water, for the catchment is 2.35. Moreover, the proper management of crop
nutrients (nutrient source, application rate and timing) is an important way to help control the loss
of nutrients through surface runoff and subsurface drainage water.
 2013 Production and hosting by Elsevier B.V. on behalf of Ain Shams University.1. Introduction
A variety of projects have used computer modeling to investi-
gate the performance of drainage systems and landscapes overseveral (often many) years. This work complements ﬁeld re-
search that is typically conducted over a shorter time frame.
Some of these projects include simulating the effects of various
management practices on drained watersheds, assessing the
hydrology of drainage systems, and evaluating best manage-
ment practices for drained ﬁelds. Agricultural drainage is the
use of surface ditches, subsurface permeable pipes, or both,
to remove standing or excess water from poorly drained lands.
Many soils have poor natural internal drainage and would re-
main waterlogged for several days after excess rain or irriga-
tion without artiﬁcial drainage [1]. This prolonged wetness
prevents timely ﬁeldwork and causes stress to growing crops
because saturated soils do not provide sufﬁcient aeration for
crop root development. Soil conditions that make drainage a
necessity for some agricultural lands include those with slow
water permeability or dense soil layers that restrict water
movement, ﬂat or depressional topography and, in some areas,
high levels of salts at the soil surface. Although agricultural
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and countries, there are concerns about its potential environ-
mental impact [2]. Subsurface drainage systems have a positive
impact because they generally decrease the amount of surface
runoff, thereby reducing the loss of substances generally trans-
ported by overland ﬂow. There are concerns, however, about
the potential negative impacts of drainage on the hydrology
of watersheds, the water quality of receiving water bodies,
and the amount and quality of nearby wetlands [3].
There seems to be a discrepancy between the simulated and
measured NO3 -N concentrations [4]. The simulated NO

3 -N
concentration in the soil water, calculated from the net nitrate
nitrogen and water ﬂux at a depth of 90 cm below soil surface,
is too high compared to the measured NO3 -N concentrations
in the surface water. Based on scenario-analyses in the N-eco2
project [5], a residue of 40 kg NO3 -N on October 1st would
still lead to exceeding the regulations of the Nitrate Directive
(being 11.3 mg NO3 -N L
1 or 50 mg NO3 L
1) [6]. On the
other hand, 50% of the 266 points of the surface water quality
net met the regulations of the European Nitrate Directive in
the period from July 1 2000 until June 30 2001 [7]. These points
are meant to verify the current Flemish nitrate residue norm
(90 kg NO3 -N ha
1 in the period from October 1st until
November 15) and the NO3 -N concentrations at those selected
locations are not inﬂuenced by industrial discharges or dis-
charges by wastewater treatment plants. The measured
NO3 -N concentrations can be therefore be attributed to agri-
culture. Because of these seemingly contradictory facts, it can
be suspected that NO3 -N concentrations in soil water cannot
be translated directly to concentrations in the surface water
[8]. The aim of this research is to calculate the process-factor
for the Wijlegem catchment, Belgium. The simulated concen-
tration of the water draining from the soil proﬁle (at a depth
of 90 cm), instead of the NO3 -N concentration in the drain
water, will be used to calculate Cg. The simulations will be
done with the Burns a model. The NO3 -N concentration in
the surface water at the outlet of the catchment will be used
as Cs.2. Description of the catchment
The Wijlegem catchment is a small (230 ha) subcatchment of
the Zwalm river (Flanders, Belgium). Land use within the
catchment is mostly arable land and pasture [9]. The soil tex-
tures in the catchment are mainly silt loam and sand loam
(USDA classiﬁcation). For each ﬁeld in the catchment, a
GIS database holds, besides the area of the ﬁeld, also the crop
cultivated in 1999. Four leaching periods are simulated. There-
fore, it was necessary to incorporate crop rotation. It is as-
sumed that corn was grown in mono culture, grasslands are
permanent and that potatoes, sugarbeets and winter wheat
are grown in rotation. Field coverage by green manure was
not considered in this study.
In October 1999, ﬁve ﬁelds of the most common crops (sug-
arbeets, winter wheat, maize, potatoes and grass) were sampled
to a depth of 90 cm (in layers of 30 cm each) [10]. The distribu-
tion of the amount of nitrate nitrogen between the ﬁelds of
each crop was considered to be lognormal [11] and could be
derived from the average and standard deviation of the nitrate
residues. At regular intervals, samples were taken from the sur-
face water at the outlet of the Wijlegem catchment (January1997–May 2001). The Wijlegem catchment is mostly agricul-
tural catchment (90%) that drains to the Zwalm. Following
measurements were made in the catchment:
– Soil samples were taken with three weeks intervals in layers
of 30 cm, up to a depth of 90 cm. Samples of drainage
water, groundwater and surface water were analyzed for
nitrate. The soil moisture content was measured at several
depths in the soil proﬁle, taking with an auger soil samples
in the layers 0–30 cm, 30–60 cm and 60–90 cm. The water
content was derived from the wet and dry weight of the soil
samples.
– Inventory of the post-harvest NO3 -N residue In October
1999, ﬁve ﬁelds of each of the most common crops (sugar
beets, winter wheat, maize, potatoes and grass) were sam-
pled to a depth of 90 cm (in layers of 30 cm each) [12]. A
log–normal distribution was drawn up for each of the
above-mentioned crops.
– Measurement of the NO3 -N concentration at the outlet of
the Wijlegem at regular intervals, samples were taken from
the surface water by an auto-sampler. These measurements
started in January 1997 and ended in May 2001. Also, the
mineralization rate and denitriﬁcation capacity of the soils
were measured to get a better estimation of the nitrate
leaching. N-mineralization and denitriﬁcation rate is mea-
sured based on incubation experiments [13]. NO3 and
NHþ4 on the soil samples are determined by a KCl (potas-
sium chloride) extraction followed by spectrophotometric
analysis [13].
3. The available models
Burns [14] developed a simple model to predict the distribution
of non-adsorbed solutes subject to leaching and upward move-
ment. The model divides the soil proﬁles into several layers,
each is characterized by its moisture content at ﬁeld capacity
and at wilting point. The original evaporation excess module
was modiﬁed according to suggestions made by Mary et al.
[15], so that the evaporative demand is met by several layers
at once, contrary to Burns’ original idea of successive layer
exhaustion. This model has the advantage of accounting for
both upward and downward movement of solutes without
using parameters that may be difﬁcult to measure or have to
be determined during model calibration.
One of the major drawbacks of the Burns model is the fact
that no water content above ﬁeld capacity can be simulated
and thus limiting its use to light textured soils only. Therefore,
the model was adjusted by adding one extra parameter. This
rate parameter a denotes the proportion of water above ﬁeld
capacity that drains to the underlying layer. This adjustment
enables the model to simulate moisture contents between ﬁeld
capacity and saturation. The Burns model, extended with the
alpha parameter, will hereafter be referred to as the Burns a
model.
4. The used model (Burns a model)
A simple, mechanistic and deterministic model, based on
Burns’ model [14] was used to simulate leaching losses. The
model divides the soil proﬁle into several layers, each charac-
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ture content at ﬁeld capacity. A rate parameter, denoting the
proportion of water above ﬁeld capacity that drains to the
underlying layer, was added to the original model, allowing
moisture contents between ﬁeld capacity and saturation to be
simulated.
5. Results and discussion
The model was calibrated and validated during a winter leach-
ing experiment within the Wijlegem catchment and was found
to be able to predict both moisture and nitrate nitrogen con-
tent adequately [16]. The model does not have a crop growth
module, so it is assumed that, during the leaching period
(October 1st–March 31), the soil is kept under bare fallow.
The ﬁve Fields characteristics in the Wijlegem catchment are
shown in Table 1. At the start of each leaching period (October
1st), the model is initialized. Depending on the crop grown in
the preceding season, the initial nitrate nitrogen content of
each soil layer is estimated by picking a random number from
its lognormal distribution. The model is run on each individual
ﬁeld within the catchment for four consecutive winter periods.
A Monte Carlo approach is used (i.e. the simulations are re-
peated 1500 times with new picks from the nitrate nitrogen dis-
tribution functions on October 1st) taking the crop rotation
into consideration.
The process-factor is a measure for the change in nitrate
nitrogen concentration during the transportation of the water
that leaches from the soil proﬁle to the outlet of the catchment.
This change in concentration is due to the mixing with shallow
ground water and the nitrate nitrogen transformations in the
saturated zone. This process-factor will be time and catchment
dependent and function of the nitrate concentrations in both
the surface water and groundwater, which on their turn are
controlled by the spatial distribution in soils, land use, fertil-
izer management, weather and geo-hydrologic condition. The
process-factor can be calculated as the ratio between the aver-Table 1 Field characteristics in the Wijlegem catchment.
Parameter Unit F
Dispersivity cm 1
Bulk density g cm3 1
Tortuosity factor – 1
Diﬀusion coeﬃcient – 0
Mineralization rate day1 0
Denitriﬁcation rate day1 0
Continuous days of saturation for denitriﬁcation day 3
Threshold soil water for fertilizer dissolution cm3 cm3 0
Average yearly surface temperature C 1
Nitrate concentration of rain mg l1 0
Depth from soil surface to drain cm 1
Spacing between drains cm 1
Eﬀective radius of drains cm 2
Actual distance from surface to impermeable layer cm 4
Equivalent depth from drain to impermeable layer cm 8
Drainage coeﬃcient cm day1 2
Kirkham’s coeﬃcient – 9
Max. subirrigation pump capacity cm day1 0
Kirkham’s depth for ﬂow to drains cm 0
Max. surface storage cm 2
Initial organic N concentration lg g1 5age simulated NO3 -N concentration in the soil water (at
90 cm) and the average measured NO3 -N concentration in
the surface water:
– The average simulated NO3 -N concentration Cg is calcu-
lated from the ratio of the cumulative amount of nitrate
nitrogen and the cumulative amount of water leaving the
soil proﬁle during the period of October 1st until March 31.
– The average measured NO3 -N concentration Cs is the aver-
age of the NO3 -N concentrations, measured in surface
water at the outlet of the catchment during the period of
October 1st until March 31.
For each ﬁeld in the catchment, a GIS database holds the
area of the ﬁeld and also the crop, grown in 1998. Because
four leaching periods are simulated, it is necessary to adjust
the crop for every year. It is assumed that crop was grown in
monoculture, grasslands are permanent and that potatoes,
sugar beets and winter wheat are grown in crop rotation.
Field coverage by green manures was not considered in this
study. Every ﬁeld in the catchment was simulated with the
Burns a model from January 1 1997 until May 31 2001.
NO3 -N and moist content were initialized on October 1st.
The NO3 -N amount for every layer of 30 cm and for every
year was determined by a random number, drawn from the
log-normal distribution of the crop, as calculated from the
inventory. Fig. 1 shows the simulated using Burns model
and measured moisture content in the Wijlegem catchment
in the winter leaching period of 2000–2001 at ﬁeld scale while
Fig. 2 shows the simulated and measured NO3-N concentra-
tions in the Wijlegem catchment in the same leaching period.
These simulations resulted in the cumulative NO3 -N and
water loss for every ﬁeld of the catchment. An area-weighted
average of the cumulative values were calculated for every
leaching period. Fig. 3 shows the average NO3-N concentra-
tions in the Wijlegem catchment in the leaching period of
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Figure 1 Simulated using Burns model and measured moisture
content in the Wijlegem catchment in the winter leaching period of
2000–2001.
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Figure 2 Simulated using Burns model and measured NO3 -N
concentrations in the Wijlegem catchment in the winter leaching
period of 2000–2001.
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Figure 3 Average NO3 -N concentrations in the Wijlegem
catchment in the winter leaching period of 2000–2001.
Table 2 The average simulated NO3 -N-concentrations in the
soil water (Cg), the average measured NO

3 -N-concentrations in
the surface water (Cs) and the process-factor (W) for every
leaching period (1997–2001).
Winter Cg Cs W
mg NO3 -N L
1 mg NO3 -N L
1 –
1997–1998 23.8 8.9 2.67
1998–1999 21.2 10.1 2.09
1999–2000 25.4 10.7 2.37
2000–2001 21.6 9.5 2.28
Average 23.0 9.8 2.35
318 A. El-SadekThis process was repeated 1500 times (Monte Carlo ap-
proach) and the average NO3 -N concentration (Cg) was used
to calculate the process-factor. Table 2. shows the values of
these average simulated NO3 -N concentrations for each leach-
ing period, along with the average measured NO3 -N concen-
trations of the surface water. The adjusted Burns model
simulates the daily amounts of water (V) and nitrate nitrogen
(N) that leave the soil proﬁle. These losses are aggregated for
the whole catchment and result in area-weighed daily water
(Vcatch) and nitrate nitrogen (Ncatch) losses:
Vcatchði; jÞ ¼
X
k
wk  Vði; j; kÞ
Ncatchði; jÞ ¼
X
k
wk Nði; j; kÞ
wk ¼ area of fieldktotal catchment areawith i= number of Monte Carlo iteration; j= number of
days; k= number of ﬁelds; w=weighing factor.
Cumulative water (Vcatch, cum) and nitrate (Ncatch) losses are
calculated for every winter period.
Vcatch;cumðiÞ ¼
X
j
Vði; jÞ
Ncatch;cumðiÞ ¼
X
j
Nði; jÞ
The NO3 -N-concentration in the leaching water, aggre-
gated for the whole catchment (Ccatch), is calculated as the
average ratio of the cumulative amount of nitrate nitrogen
(Ncatch, cum) and the cumulative amount of water (Vcatch, cum)
leaving the soil proﬁle at 90 cm of each ﬁeld during the period
of October 1st until March 31.
CcatchðiÞ ¼ Ncatch; cumðiÞ
Vcatch; cumðiÞ
The process-factor W for the Wijlegem catchment can be
calculated as the ratio between the average simulated
NO3 -N-concentration in the soil water draining from the soil
proﬁle at 90 cm and the average measured NO3 -N-concentra-
tion in the surface water:
W ¼ Cg
Cs
Cg ¼ 1
k

X
i
CcatchðiÞ
Cs ¼ 1
n

X
l
CsðlÞ
with n= number of measurements; l= day of measurement.
The proper management of crop nutrients (nutrient source,
application rate and timing) is an important way to help con-
trol the loss of nutrients through surface runoff and subsurface
drainage water. It’s been shown that the application of nitro-
gen fertilizer at rates higher than those recommended regula-
tions increases the amount of nitrate removed through
subsurface drainage systems. Since these regulations are based
on an optimum economic return, over-application of nitrogen
fertilizer should be less proﬁtable. It should be noted, however,
that drained agricultural soils have signiﬁcant nitrate losses
from the natural process of organic matter mineralization. Im-
proved nutrient management can potentially reduce nitrate
losses on drained lands. Table 2. shows the value of the pro-
cess-factor (W), along with the average simulated NO3 -N-con-
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Figure 4 Simulated using Burns model and measured NO3 -N
concentrations in the surface water at the Wijlegem catchment
outlet in 1998.
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sured NO3 -N-concentrations of the surface water (Cs). Fig. 4
shows the simulated using Burns model and measured NO3-
N concentrations in the surface water with a process-factor
of 2.39 at the Wijlegem catchment outlet in 1998.
The process-factor varies from 2.09 to 2.67, with an overall
average of 2.35 for the whole simulation period. Using a phys-
ically-based N leaching model and detailed monitoring data on
crop management facilitates a thorough evaluation of the spa-
tial and temporal variations in nitrogen leaching occurring
within a catchment. For each ﬁeld, the nitrogen leaching for
each unique combination of soil texture, crop rotation, fertil-
ization, timing for tillage, etc. can be quantiﬁed. Monitoring
catchments are useful as indicators of changes in crop manage-
ment in the agricultural sector. In these small catchments, mea-
sures implemented in crop management can be detected earlier
than in agricultural statistics. Trends in nitrogen loads may
also be identiﬁed before they become evident in rivers due to
less inﬂuence from other sources. Detection of trends can be
performed either by statistical trend analysis of ﬂow-normal-
ized time series of nitrogen loads or by calculation with coefﬁ-
cients of nitrogen leaching for prevailing crop management
during different periods. The average process-factor for the 4
leaching periods is 2.35. This implies that the average simu-
lated NO3 -N concentration in the soil water at 90 cm under
the ﬁeld surface is twice the average measured NO3 -N concen-
tration in the surface water, or that 50% of the NO3 -N will be
denitriﬁed in the subsoil.
6. Conclusion
In this research, a nitrate process-factor was driven for the
Wijlegem catchment, Belgium. The simulated concentration
of the water draining from the soil proﬁle (at a depth of
90 cm), instead of the NO3 -N concentration in the drainage
water, was used to calculate Cg. The NO

3 -N concentration
at the outlet of the catchment was used as Cs. The model
was run in a stochastic way on each individual ﬁeld within
the catchment for four consecutive winter periods. A Monte
Carlo approach was used (i.e. the simulations are repeated
1500 times with new picks). The process-factor (the ratio of
the simulated NO3 -N concentration in the soil water at
90 cm and the measured NO3 -N concentration in the surface
water) for the catchment of the Wijlegem was calculated to
be 2.35. The NO3 -N concentration in the soil water was sim-
ulated with the Burns a model. The research concluded that,the average process-factor for the four leaching periods is
2.35. This implies that the average simulated NO3 -N concen-
tration in the soil water at 90 cm under the ﬁeld surface is twice
the average measured NO3 -N concentration in the surface
water, or that 50% of the NO3 -N will be denitriﬁed in the sub-
soil. It is thus recommended that, the modeling combined with
monitoring in small agricultural catchments is a useful tool for
assessing state, trends and effects of counter-measures for
water quality management planning aimed at reducing the im-
pact of nitrogen leaching on the aquatic environment.
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